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The LDA plus Gutzwiller variational method is used to investigate the ground-
state physical properties of the newly discovered superconducting KNi2S2. Five Ni-
3d Wannier-orbital basis are constructed by the density-functional theory, to combine
with local Coulomb interaction to describe the normal state electronic structure of
Ni-based superconductor. The band structure and the mass enhanced are studied
based on a multiorbital Hubbard model by using Gutzwiller approximation method.
Our results indicate that the correlation effects lead to the mass enhancement of
KNi2S2. Different from the band structure calculated from the LDA results, there
are three energy bands across the Fermi level along the X-Z line due to the existence
of the correlation effects, which induces a very complicated Fermi surface along the
X-Z line. We have also investigated the variation of the quasi-particle weight factor
with the hole or electron doping and found that the mass enhancement character
has been maintained with the doping.
PACS numbers: 74.20.-z, 74.20.Pq, 71.15.Mb
2FIG. 1: (Color online) KNi2S2 with the ThCr2Si2-type structure.
I. INTRODUCTION
The discovery of the second class of high-transition temperature superconductors in
LaFeAsO1−xFx
1 has stimulated great interest in the study of iron pnictides. Over the
past five years, many iron-based compounds were reported to show superconductivity af-
ter doping or under high pressures1–4; and the superconducting (SC) transition temper-
ature exceeds 50K in the RFeAsO1−xFx(R: Rare earth atoms)
5. Recently, one family
AFe2Se2(A = K,Rb, or T l) compounds with the ThCr2Si2-type crystal structure, such as
KyFe2Se2
6 and (T l,K)yFe2−xSe2
7,8, have been found to become superconductors at about
30 K. Different from other crystal structures of the iron-based superconductor, these com-
pounds AFe2Se2(A = K,Rb, or T l) have many unique physical properties, such as absence
of hole-like Fermi surface (FS)in K0.8Fe1.7Se2
9 and the intrinsic
√
5×√5 Fe vacancies super-
structure in K0.8Fe1.6Se2
10–12. Thus, searching for superconductors with the ThCr2Si2-type
crystal structure has become one of the interesting topics in condensed matter physics13,14.
Very recently, a novel group of superconductors with ThCr2Si2-type crystal structure,
3KNi2A2(A = S, Se), have been discovered
15,16. The experiments show that the Ni-based
superconductor exhibits a rich and unusual electronic and structural phase diagram15,16. For
example, based on high-resolution synchrotron X-ray diffraction and time-of-flight neutron
scattering experiments, James et al. have found that the mixed valence compound KNi2S2
displays a number of highly unusual structural transitions and presents the charge density
wave fluctuations16. The specific heat measurement reveals that KNi2S2 exhibits the cor-
related behavior at low-temperature with an enhanced effective electron mass, m∗ = 11mb
to 24mb. Below Tc = 0.46K, KNi2S2 becomes superconducting without the partial substi-
tution of K or Ni deficient16. As discussed above, the Ni-based superconductor KNi2S2 has
a similar crystal structure as the iron-based superconductor AFe2S2 compound. However,
there are also many differences between these two kinds of compounds. For example, the
localized magnetism is absent in the Ni-based superconductor KNi2S2
16. Thus, it is critical
to understand the electronic structures of the parent ANi2S2 compounds at first in order to
investigate the mechanism of superconductivity in this material.
In this paper, we have performed the first-principle electronic structure calculations on
KNi2S2. To overcome the problem of dealing with Coulomb interaction in the local density
approximation (LDA) calculation, we use LDA plus the Gutzwiller variational approach to
investigate this typical correlated material. This method has proved to be effective in dealing
with Coulomb interaction and has been widely applied to strongly correlated systems17,18.
The calculation shows that KNi2S2 is a kind of multi-orbital system with five Ni-3d orbital
near the Fermi level. Our results indicate that the correlation effects of the 3d local electrons
lead to mass enhancement of KNi2S2. This behavior is always present with the hole or
electron doping, which is well agreement with the experimental results16. The correlation
effect is not only presented by the narrowing of the bandwidth, but also by the change of
the FS near the high symmetry line. In the LDA calculation, there are two bands across
the X-Z line. Actually, three electron bands across the Fermi level along the X-Z line, which
induce a very complicated FS structure along the X-Z line. The relationship among the
quasi-particle weight factors of the different orbital is also discussed in this paper.
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FIG. 2: (Color online) (a) Energy band structure of KNi2S2 by LDA(black line) and Wannier
function(dotted line) ; (b) The Fermi surface of KNi2S2 by LDA calculation.
II. MODEL AND METHOD
The first-principles calculations were performed within LDA using the plane wave basis
method19. The generalized gradient approximation (GGA) was adopted for the exchange-
correlation potential of the density function theory (DFT)20. We used the ultrasoft pseu-
dopotentials to model the electron-ion interactions21. The kinetic energy cutoff and the
charge density cutoff were taken as 4800 and 6400 eV, respectively. A mesh of 18× 18× 9
k points were used to perform the Brillouin zone integration. KNi2S2 has ThCr2Si2-type
structure (space group I4/mmm, (#139, Z=1)) and each unit cell contains two formula
units, as shown in Fig.1. In our calculation, the structure parameters optimized by the
energy minimization, a=3.7792A˚, c=12.7139A˚, and z(S)=0.35, were adopted, which are in
good agreement with the experimental values a= 3.80899A˚, c=12.67609A˚, and z(S)=0.34642
determined by synchrotron X-ray powder diffraction16. Since the LDA can not describe the
Coulomb interaction adequately, in order to take into account more explicitly the correlated
effects of the d electrons, we have performed Gutzwiller variational approach to deal with
the Coulomb interaction.
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FIG. 3: (Color online) (a) DOS and PDOS of KNi2S2 . (b) PDOS of KNi2S2 for the five Fe-3d
orbitals.
III. RESULTS AND DISCUSSIONS
We first present the electronic structure of KNi2S2 by LDA calculation. The correspond-
ing band structures and FS are given in Fig. 2a and Fig. 2b, respectively. Similar to the
iron-based superconductor22–27, there are several bands across the Fermi level, which indi-
cates that the KNi2S2 is a kind of multi-orbital superconducting system. The multi-orbital
character can also be seen from the complicated FS sheets. As shown in Fig.2 b, there is a
large hole-like FS around the Γ point, two 2D-cylinder-like ones around the corners of the
Brillouin zone and a very complicated pocket at the middle of the four boundaries of the
Brillouin zone. As mentioned above, the structure of the FS is very complicated due to the
multi-orbital characters, which implies that the KNi2S2 should be a kind of multiple-gap
superconductors similar to the iron based superconductor, in contrast to the single-orbital
copper-based superconductors.
To investigate the orbital characters near the FS, the corresponding density of states
(DOS) and the projecting the density of states (PDOS) of KNi2S2 are plotted in Fig.3.
The basic shape of the DOS and PDOS is very similar to that of AFe2Se2
28. However, the
position of the Fermi energy is higher due to the more electron count. As shown by the DOS
in Fig.3, the total DOS near the Ef is manly contributed by the Ni-3d orbitals, which mix
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FIG. 4: (Color online) The quasi-particle weight factor Z as a function of Coulomb interaction U
at J=0.8eV. (a) The quasi-particle weight factor Z for dxy orbital; (b) The quasi-particle weight
factor Z for dyz orbital; (c) The quasi-particle weight factor Z for dxz orbital; (d) The quasi-particle
weight factor Z for dx2−y2 orbital; (e) The quasi-particle weight factor Z for dz2 orbital; (f) The
quasi-particle weight factor Z as a function of doping x for KxNi2S2 at U=8 eV and J=0.8eV.
with the S-3p orbitals near the Ef . In detail, the PDOS of the Ni-3d orbitals consist of the
DOS from -3 eV to 1 eV around the Ef , and at the same time there is some contribution
from S-3p orbitals. Evidently, the contribution of S-3p orbitals is smaller than that from
the Ni-3d orbitals. The value of DOS at the Fermi energy N(Ef) is about 6.9 states per eV
per formula unit both spins.
As we know, both LDA and GGA fail to depict the strongly correlated electron sys-
tems due to the insufficient treatment of electron correlation. In the last 20 years, a lot of
new methods and new computational tools have been developed to improve the calculation
of strongly correlated electron materials, such as the LDA+U29, LDA+DMFT(dynamical
mean-field theory)30 and LDA+G (Gutzwiller method)17. Among all these methods,
LDA+G is thought as one that is practically efficient and can capture the key feature
of the correlation effect as well in the ground-state studies. The Gutzwiller variational
approach31 was firstly introduced by Gutzwiller and has been proved to be quite efficient
7and accurate for the ground-state physical properties studies, such as the the Mott tran-
sition, ferromagnetism, and superconductivity17,31–34. In our calculation, we also used the
LDA+G framework to treat the correlation effects between the localized d electrons. In
other words, we firstly construct the multi-orbital Hubbard model and then solve this model
by the Gutzwiller variational approach (GW). Firstly, the Wannier function is constructed
by the maximally localized Wannier functions (MLWFs) approach35, as shown by the dotted
line in Fig.2 a. Secondly, combining with the Coulomb interaction, the multi-orbital model
can effectively describe the multi-orbital characters of KNi2S2. Then the GW method is
used to deal with this many-body model and the physical properties in this system17,31–34.
We start from this five-orbital Hubbard model,
HTot = Hwannier +Hint, (1)
where Hwannier describes the on-site energies and hopping integrals of electrons between the
Ni-3d Wannier orbitals; and Hint is the local interaction term for the Coulomb interaction
between the d electron described by the parameters U , U ′, J . The parameters U , U ′, and J
denote the intra-orbital Coulomb interaction, inter-orbital Coulomb interaction and Hund’s
coupling. In what follows, considering the realistic wavefunctions of 3d-orbitals36 and the
spin rotational symmetry, we adopt the relationships U = U ′ + 2J .
The true ground state of HTot is described by the Gutzwiller wave function |ΨG >, which
is constructed by a many-particle projection operator PˆG on the uncorrelated wave function
|Ψ0 >
|Ψ > = PˆG|Ψ0 >=
∏
i
Pˆi|Ψ0 > (2)
with Gutzwiller projector operator
Pˆi =
∑
Γ
λΓ|Γ >< Γ| (3)
where λΓ is the variational parameter for the i-th site with the atomic eigenstates |Γ >,
which is determined by minimizing the ground state total energy. And the renormalization
of kinetic energy can be described by the bandwidth renormalization or quasi-particle weight
factor Z, as defined in Ref. 17.
Generally speaking, the essence of the correlation effects under Gutzwiller approach is
to suppress the double occupancy and to renormalize the kinetic energy. Specifically, the
8Coulomb interaction U will enhance the orbital polarization; however, the interorbital Hunds
coupling J favors even distribution of electrons among five orbitals. To understand the role of
Coumlomb interaction and the change of the band structure in the presence of interactions,
the value of the quasi-particle weight factor Z of the kinetic energy as a function of U at
fixed J=0.8 eV is shown in Fig. 4. As shown by the solid line in Figs. 4(a), the Z factor
decreases with the increase of the Coulomb interaction U, due to the suppression of the
double occupancy by U. Because of the valence state of Ni1.5+, each five Ni-3d orbitals have
8.5 electrons and are non-integer filling. Thus, the metal insulator transition does not occur
in this system and KNi2S2 is a multi-orbital metal system, which is agreement with the
experiment16. In the iron-based or the copper-based superconductors, different doping with
holes (p type) or electrons (n type) has important influence on the superconducting transition
temperature, which lead to a rich phase diagram of these high temperature superconductors.
For example, superconductivity only occurs in a doping range, which indicates that electron
doping or hole doping may affect the electronic properties in these materials. To study the
doping effect on the physical properties of KNi2S2 , we investigate the quasi-particle weight
factor Z at different doping situations, as shown in Fig. 4(a-e). The dotted line shows Z at
the 20% hole doping, the black solid line shows Z without doping and the dashed line shows
Z at the 20% electron doping, respectively. When the Coulomb interaction U is not too large,
the electron or hole doping almost do not affect the quasi-particle weight factor Z. But, the
difference of the quasi-particle weight factor Z with different doping become more and more
obvious with the increase of the U in the large range; and the value of Z is also dependent on
the orbital degree of freedom due to the orbital anisotropy. For example, the doping effect
is very weak for the dxy orbital but important for the dz2 orbital in the large U range, as
shown in Fig. 4(a-e). At fixed Coulomb interaction value U=7 eV,J=0.8 eV, the variation of
the quasi-particle weight factor Z with the different doping is also investigated and plotted
in Fig. 4f. The results show that the correlated electron character of the KNi2S2 has been
maintained with the electron-like or hole-like doping for all the Ni 3-d orbitals, which is well
agreement with the experimental measurements37.
The corresponding band structures and PDOS of the Ni-based superconducting com-
pound KNi2S2 calculated by the GW method are presented in Fig. 5 and Fig. 6. Since
the electron occupation number is 8.5 for each Ni-3d orbitals and the five Ni-3d orbitals are
almost occupied by the electrons, the added Coulomb interactions can not make KNi2S2
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FIG. 5: (Color online) Electronic band structure of KNi2S2 calculated by the Gutzwiller method.
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FIG. 6: (Color online) DOS and PDOS of KNi2S2 calculated by the Gutzwiller method.
become a Mott insulator state, which is agreement with the experiment16. At a typical value
of Coulomb interaction U=8 eV and J=0.8 eV38–40, the quasi-particle weight factor is about
0.5. In other words, the overall bandwidth calculated by the GW method is smaller than
that by the LDA calculation due to the strong correlation effect among the Ni-3d orbitals
electrons. In the LDA results, the band structure near Fermi level along the X-Z line is very
simple, which causes a two FS structure along the X-Z line. Actually, our GW calculation
shows that there are three Bloch bands across the Fermi level along the X-Z line due to
the existence of the correlation effect, which would induce a very complicated FS along the
X-Z line. The corresponding electron FS will dominate the low energy properties along the
10
X-Z line, which is easier to be observed by the Angle-resolved photoemission spectroscopy
experiments (ARPES). As shown above, comparing with the LDA calculation, the GW
calculation can improve the correct band narrowing and mass renormalization, which can
also be seen from the DOS calculated by the LDA+G method, as shown in the Fig.6. The
corresponding orbital character is also plotted in Fig.6. Comparing the orbital character of
Ni-based superconductor with that of the iron based superconductor18, we can clearly find
that all the Ni-3d orbitals are renormalized by the correlation effect. We obtain the value
of DOS at the Fermi energy N(Ef) is about 11.5 states per eV per formula unit both spins,
which corresponds to a bare specific heat coefficient, γ = 27 mJ mol f.u.−1 K−2 based on
the formula γ = pi2k2N(Ef )/3
41,42. This γ value is 2.5 times smaller than the experimental
value γ = 68 mJ mol f.u.−1 K−216, but it is better than that of the LDA calculation, γ = 16.2
mJ mol f.u.−1.
IV. CONCLUSIONS
In conclusion, we have presented the results of the electronic structure of KNi2S2 based
on LDA plus Gutzwiller variational calculations. The results show that the ground state of
KNi2S2 is a strongly correlated metal and the energy bands near Fermi level are dominated
by the Ni-3d electron states. The multi-orbital correlation effect between the Ni-3d elec-
trons determines the main physical properties of newly discovered Ni-based superconductor
KNi2S2, such as the mass enhancement behavior and the multi-orbital characters. Differ-
ent from the LDA understanding, the band structure has a lot of changes under correlation
effect, especially for the band structure along the X-Z high symmetry line. In particular, the
bands are narrowed by a factor of about 2, and the five Ni-3d orbital are all almost filled,
which determine the low energy physical properties of KNi2S2. The calculation about the
electronic structure provides a reasonable starting point for the investigations of the Ni-
based superconductor. The variation of the quasi-particle weight factor with the doping is
also investigated and compared to the experiments. Our results confirm that KNi2S2 is
a multi-orbital strongly correlated system with a reduced renormalized bandwidth by the
correlation effect.
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